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CONS P EC TU S

O ver the last several years, low-dimensional graphene
derivatives, such as carbon nanotubes and graphene

nanoribbons, have played a central role in the pursuit of a
plausible carbon-based nanotechnology. Their electronic
properties can be either metallic or semiconducting depend-
ing purely on morphology, but predicting their electronic
behavior has proven challenging. The combination of experi-
mental efforts with modeling of these nanometer-scale
structures has been instrumental in gaining insight into their
physical and chemical properties and the processes involved
at these scales. Particularly, approximations based on density
functional theory have emerged as a successful computa-
tional tool for predicting the electronic structure of these
materials. In this Account, we review our efforts in modeling graphitic nanostructures from first principles with hybrid density
functionals, namely the Heyd-Scuseria-Ernzerhof (HSE) screened exchange hybrid and the hybrid meta-generalized functional of
Tao, Perdew, Staroverov, and Scuseria (TPSSh).

These functionals provide a powerful tool for quantitatively studying structure-property relations and the effects of external
perturbations such as chemical substitutions, electric and magnetic fields, and mechanical deformations on the electronic and
magnetic properties of these low-dimensional carbon materials. We show how HSE and TPSSh successfully predict the electronic
properties of these materials, providing a good description of their band structure and density of states, their work function, and
their magnetic ordering in the cases in which magnetism arises. Moreover, these approximations are capable of successfully
predicting optical transitions (first and higher order) in both metallic and semiconducting single-walled carbon nanotubes of
various chiralities and diameters with impressive accuracy. This versatility includes the correct prediction of the trigonal warping
splitting in metallic nanotubes.

The results predicted by HSE and TPSSh provide excellent agreement with existing photoluminescence and Rayleigh scattering
spectroscopy experiments and Green's function-based methods for carbon nanotubes. This same methodology was utilized to
predict the properties of other carbon nanomaterials, such as graphene nanoribbons. Graphene nanoribbons may be viewed as
unrolled (and passivated) carbon nanotubes. However, the emergence of edges has a crucial impact on the electronic properties of
graphene nanoribbons. Our calculations have shown that armchair nanoribbons are predicted to be nonmagnetic semiconductors
with a band gap that oscillates with their width. In contrast, zigzag graphene nanoribbons are semiconducting with an electronic
ground state that exhibits spin polarization localized at the edges of the carbon nanoribbon. The spatial symmetry of these
magnetic states in graphene nanoribbons can give rise to a half-metallic behavior when a transverse external electric field is
applied. Our work shows that these properties are enhanced upon different types of oxidation of the edges. We also discuss the
properties of rectangular graphene flakes, which present spin polarization localized at the zigzag edges.
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Introduction
Modeling the electronic properties of novel materials is an

important goal of electronic structure methods. Successful

methods must be accurate and at the same time computa-

tionally tractable so that they can be applied to large

systems. Density functional theory (DFT) falls into this cate-

gory, provided that the exchange and correlation functional

(XC) is chosen adequately. There are many approximations

for the choice of the XC functional in DFT calculations.

Among the most widely used XC functionals are treatments

that fall into the local(-spin) density approximation or L(S)DA

and the generalized-gradient approximation or GGA. Exam-

ples are SVWN5, which consists of a combination of Dirac

exchange and the parametrization of Vosko, Wilk, and

Nusair for correlation, and the GGA functional of Perdew,

Burke, and Ernzerhof (PBE) for exchange (see, for instance,

ref 1). Comparing with experimental data, these functionals

usually perform well for structural properties but present

some limitations for energetics and electronic properties.

More sophisticated XC functionals include an orbital depen-

dency either through the kinetic energy density or the

incorporation of Hartree-Fock (HF) type exchange.1,2 Some

realizations of these functionals include the meta-GGA of

Tao, Perdew, Staroverov, and Scuseria3 (TPSS), the hybrid

functionals PBEh1 (also known as PBE0), and the popular

B3LYP.1 These types of functionals usually show improve-

ment over the LSDA and GGA but are computationally

taxing. In particular, due to the slow decay of HF exchange

in real space for small band gap semiconductors andmetals,

standard hybrid functionals can be computationally very

demanding.4 Short-range functionals, such as the screened

hybrid functional of Heyd, Scuseria, and Ernzerhof4 (HSE),

have emerged as an efficient alternative to standard hybrid

functionals. The HSE functional incorporates only the short-

range portion instead of the full-range electron-electron

interaction in the exchange contribution to the electronic

energy. The computational advantage is that the short-

range part of the HF exchange can be efficiently evaluated.4

This truncation has little impact on the properties of finite

systems while providing an efficient route for hybrid DFT

calculations in extended systems.5

Exchange-correlation functionals, either originating

from nonempirical grounds or using fitted parameters, are

meant to approximate the electronic ground-state energy

and not necessarily excited states. Kohn-Shameigenvalues

differences are regularly used to evaluate the fundamental

energy band gap. While this is not a rigorous approach for

regular semilocal DFT functionals, it is a valid alternative for

hybrids whose generalized potential is of a nonlocal nature.

In practice, Kohn-Sham eigenvalues are commonly used to

discern between metals and semiconductors and to obtain

excitation energies via linear response time-dependent DFT.

LSDA and GGA band gaps underestimate experimental data

as a rule, and even small-gap semiconductors can be erro-

neously predicted to be metallic. In contrast, band gaps

obtained using hybrid functionals are, in general, in much

better agreement with experimental data,2,6,7 although

somewhat overestimated. Screened hybrid functionals per-

form substantially better than regular hybrids for band gaps

andprovide excellent agreementwith experiment andmore

rigorousmany-electron approaches.6,7 The rationale behind

this success has been discussed in the literature,8,9 and its

elaboration is beyond the scope of this Account. We here

only note that because of the nonlocal nature of the ex-

change potential in hybrids, band energy differences ob-

tained with them are true band gaps (i.e., they include the

“derivative discontinuity” missing in local Kohn-Sham

approaches). Furthermore, excitation energies from time-

dependent hybrid DFT approaches are an approximation to

the Bethe-Salpeter equation and thus valid estimations of

the optical response. Because of the short-range nature of

the HSE potential, these excitation energies are very close to

band energy differences in periodic systems.8,9

Over the last several years, graphiticmaterials like carbon

nanotubes and graphene nanoribbons (Figure 1) have

played a central role for building a plausible carbon-based

nanotechnology. This Account reviews our successful efforts

in modeling from first principles the electronic properties of

these nanostructures using hybrid density functionals, espe-

cially the HSE screened hybrid. Details of the calculations are

given in the respective publications cited below. Calculat-

ions with periodic boundary conditions were done with

FIGURE 1. Schematic representation of some low-dimensional gra-
phene derivatives.
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Gaussian orbitals and methods previously described in the

literature.10

Single-Walled Carbon Nanotubes
The flexibility of the electronic properties of single-walled

carbon nanotubes (SWNTs) has attracted much interest in

the scientific community. These tubular materials can be

either metallic or semiconducting depending strictly on their

morphology, that is, their diameter and chirality. Predicting

their electronic behavior and optical properties accurately

has proven to be a challenging task for most electronic

structure methods. Methods based on the tight-binding

approach miss some important curvature effects, while

sophisticated many-body approaches are costly in terms of

computational resources, especially in the case of chiral

SWNTs, containing many atoms in the translational unit

cell. DFT methods have thus been employed as a computa-

tionally efficient choice for obtaining the electronic structure

of SWNTs. However, as mentioned above, conventional

semilocal functionals present considerable problems de-

scribing quantitatively the band gap of semiconducting

materials. These problems can be circumvented by hybrid

functionals. In our work, the screened exchange hybrid HSE

and the hybrid meta-generalized gradient approximation

TPSSh, were shown to accurately reproduce and predict the

electronic structure of SWNTs.6,7,11

A nice illustration of all these complex features is found in

the study of narrow SWNTs. For instance, the (5,0) SWNT,

which should be a semiconductor according to the zone

folding scheme, is predicted to be metallic by DFT

calculations.11-13 The same holds true for the zigzag (4,0)

SWNT.11,12 Although it is appealing to assume that narrower

tubes are metallic due to a strong σ-π hybridization, it has

been shown that thenarrowest chiral tubes present the largest

band gaps of all SWNTs. These band gaps can be as large as

1.7 eV for the (4,3) tube (obtained using the HSE functional).11

These strong curvature effects transformnarrow semiconduct-

ing SWNTs into indirect gap semiconductors that abruptly

deviate fromthezone foldingpredictions. As shown in Figure2

for the (4,2) tube, the calculatedelectronic properties of narrow

nanotubes strongly depend on the exchange-correlation

functional utilized in the calculations. LSDA predicts a small

band gap of about 0.20 eV for this tube, while the hybrids HSE

and PBEh predict a larger band gap of 0.74 and 1.36 eV,

respectively. This followsamoregeneral trendwhere theband

gap of SWNTs is severely underestimated by LSDA and con-

siderably overestimated by PBEh whereas HSE values are, in

general, in excellent agreement with experiments.6

Another fundamental electronic property related to the

electron fieldemissionof SWNTs is theirwork function (WF).14

An accurate prediction of the ground state is needed to obtain

the work function of SWNTs. Similar to the case of band gap

calculations, this condition imposes a stringent requirement

on the choice of approximate density functional. This require-

ment is fulfilled by the HSE functional because it provides the

most accurate prediction of the WF of graphene as shown in

Figure 3. Calculations of the WF in a set of metallic and

semiconducting tubes with different chiralities and diameters

performed with the HSE functional predict that SWNTs with

diameters larger than 0.9 nm tend asymptotically to the

graphene limit of 4.6 eV irrespective of their electronic

FIGURE 2. Density of states for the chiral semiconducting (4,2) nano-
tube obtained with LSDA, HSE, and PBEh.

FIGURE 3. Work function of graphene calculated using different func-
tionals. The experimental value for graphite is 4.6 eV (horizontal line).14
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behavior. This does not hold true for narrow nanotubes

because their WF exhibits a significant dependence on their

diameter and chiral angle, which has been attributed to

strong hybridization effects induced by curvature.14

Despite all these interesting results, it is in the prediction

of SWNTs optical properties where HSE and TPSSh provide

the most outstanding results.6,7 Optical transitions in indivi-

dual SWNTs have been determined by a variety of

experiments.15,16 These transitions represent a fingerprint

of a given nanotube that unequivocally relates its diameter

and chirality with its electronic properties, providing a rigor-

ous test for theoretical models attempting to predict these

properties. Early theoretical studies of optical transitions in

SWNTs were performed using the tight-binding approxima-

tion and considering excitations as interband transitions.

Within this approach, the optical spectrum is obtained

employing the random-phase approximation (RPA) for the

imaginary part of the dielectric function ε as

Im(ε) ¼ 1
ω2

X

k

X

o, u
jÆψk

ojpjψk
uæj2δ(εko - εku -ω) (1)

where p is the linear momentum operator and the

indices o and u stand for occupied and unoccupied Bloch

orbitals, respectively.
The first experiments using photoluminescence provided

accurate values for the optical gap in semiconducting nano-

tubes and a valuable test set of moderately large unit cells

tubes (ranging from a few tens to more than 500 carbon

atoms) where optical transitions could be evaluated using

different DFT approaches and RPA.6,15 Within this approach,

the optical gap is then equivalent to the fundamental band

gap obtained as band energy differences provided that the

transitions are dipole-allowed. Barone et al.6 have shown that

the band gap of semiconducting tubes is not sensitive to the

level of geometry optimization. This allows for the utilization

of simple functionals (such as LSDA) and a modest Gaussian

basis set such as STO-3G to perform geometry optimizations

in semiconducting tubes thus significantly reducing the com-

putational effort, especially in large unit cell chiral SWNTs.

Further geometry optimizations using other functionals and

basis sets produce a rather small change in the band gaps,

typically smaller than 1%.6 Undoubtedly, the main factor

impacting the quality of the band gap calculations within

theDFT approximation is the choice of the density functional.

This is well demonstrated in Figure 4 where the mean errors

of the optical gap in a set of ten semiconducting tubes are

presented for different density functionals. We observed the

well-known trend that nonhybrid functionals underestimate

the experimental band gap. On the other hand, the hybrid

PBEh and B3LYP functionals overestimate band gaps by

about 0.3 eV. The performance of HSE is much better; it

presents absolute errors smaller than 0.10 eV. TPSSh im-

proves the agreement with experiment even further with

deviations that are in all cases less than 0.05 eV.

The success of these hybrid functionals transcends the

optical gap of semiconducting tubes. Using the same form-

alism, one can obtain higher order optical transitions

(denoted herein as Eii, where i refers to the order of the

dipole allowed transition between the ith valence band and

the ith conduction band) that have also been experimentally

measured by Bachilo et al.15 TPSSh results are presented

together with experimental values in a large set of tubes in

Figure 5. We note that the excellent agreement obtained for

the first transitions (optical gap) is also found for second-

order transitions. Theoretically predicted third- and fourth-

order transitions present larger deviations with respect to

the experimental assignments but fit quite well the range of

the available experimental values.

These noteworthy results lead to the question of howwould

HSE and TPSSh perform for metallic tubes since the Har-

tree-Fock approximation presents serious deficiencies for de-

scribing the metallic behavior of bulk materials. In Figure 6, we

present the calculated first optical transitionsof fivemetallic and

five semiconducting tubesobtainedusingdifferent functionals.7

Nonhybrid functionals still underestimate E11 in metallic tubes,

while in this case, HSE and TPSSh perform similarly and present

small deviations with respect to the experimental values. Cal-

culations performed with other hybrid functionals as B3LYP or

PBEh pose severe convergence problems for these metallic

tubes and are therefore not included in the plot.7

FIGURE 4. Mean errors for the first optical transition (in eV) in a set of
ten semiconducting tubes for different density functionals.
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Metallic tubes other than armchairs exhibit a splitting of

the van Hove singularities due to the trigonal warping

effect.17,18 This splitting separates the electronic transitions

in zigzag and chiral metallic SWNTs in a lower (E11
- ) and an

upper (E11
þ ) branches with respect to the armchair curve.

Results obtained with both HSE and TPSSh for the trigonal

warping splitting are about twice as large as the ones

predicted by the zone-folding scheme.7 This larger-than-

expected splitting predicted by hybrid functionals could

provide an explanation of why the upper branches were

not observed in some experiments in which they were

searched using a narrow laser window while expecting a

smaller splitting.16 Indeed, later experiments based on Ray-

leigh scattering spectroscopy19 have proven that our pre-

dicted values for the lower and upper branches in metallic

tubes are exceptionally accurate, as shown in Table 1.

Calculations beyond mean field theory have shown the

excitonic nature of optical transitions in SWNTs with large

exciton binding energies (of up to 1 eV for the (8,0) SWNT).20

In Table 2, we compare first-order transitions calculated

using the TPSSh and HSE functionals and calculations con-

sidering GW plus electron-hole interactions (GW þ e-h).20

It is worth pointing out that the results obtained with these

functionals predict peak positions in excellent agreement

with more complex quasi-particle and excitonic effects ap-

proaches. A phenomenological rationalization for this be-

havior has been presented by Brothers et al.8

Graphene Nanoribbons
Experimental and computational studies of graphene, a two-

dimensional and atomically thin layer of graphite, and its

lower-dimensional derivatives have grown exponentially in

the past few years since high-quality graphene preparation

was first reported by Novoselov and Geim in 2004.21 When

a graphene sheet is rolled to form a single-walled carbon

nanotube (SWNT), the π electrons become confined along

the circumferential direction obeying periodic boundary

conditions. If instead the sheet is cut to form a graphene

nanoribbon (GNR) of nanometer scale width and infinite

length, “particle in a ring” type boundary conditions are

replaced by “particle in a box” confinement in the direction

perpendicular to the ribbon's axis. This quantum confine-

ment of the π electrons results in a discrete set of allowed

FIGURE6. First optical transition in a set of five semiconducting and five
metallic nanotubes obtained with different density functionals.

TABLE 2. First-Order Optical Transitions (eV) in Metallic and Semicon-
ducting Tubes Calculated Using the Hybrid TPSSh and HSE Functionals
and GW Plus Electron-Hole Interactions (GW þ e-h)

tube TPSSh6,7 HSE6,7 GW þ e-h20

Semiconductor
(10,0) 1.04 0.97 1.00
(11,0) 1.19 1.12 1.21

Metallic
(12,0) 2.25 2.24 2.25
(10,10) 1.89 1.86 1.84

FIGURE 5. Optical transitions of semiconducting SWNTs as a function
of the inverse diameter. Filled symbols represent experimentally as-
signed values while open symbols are calculated values.6

TABLE 1. Lower Optical Transitions (in eV) in Metallic SWNTs Calcula-
ted Using the TPSSh and HSE Functionals7 Compared with Experiments
Based on Rayleigh Scattering Spectroscopy19

tube transition HSE TPSSh exp

(10,10) E11 (no split) 1.86 1.89 1.93
(11,8) E11

- 1.91 1.92 1.93
(11,8) E11

þ 1.99 2.02 2.02
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energy bands slicing the otherwise continuous two-dimen-

sional dispersion surface of graphene. As the width of the

ribbon (or diameter of the nanotube) is varied, the number

and position of the allowed bands in the reciprocal space

changes inducing size-dependent band gap variations.

Structurally, graphene nanoribbons may be viewed as

unrolled (and passivated) carbon nanotubes. One may na-

ively deduce that the electronic properties of the unrolled

nanoribbon are similar to those of the original nanotube.

Nevertheless, a major difference between the two systems

arises: when the tube is unrolled, new edges are exposed

whichmayhave a crucial impact on the electronic properties

of the resulting nanoribbon.

We start here discussing the case of armchair graphene

nanoribbons (AGNRs), which similar to the case of zigzag

SWNTs, are expected to show large band gap variations as a

function of the ribbon's width (see Figure 7). Based on tight-

binding (TB) calculations, it was deduced that such band gap

variations do exist obeying a 3-fold periodic pattern with

every third ribbon width showing a metallic character.22

Interestingly, when higher level DFT calculations are

performed based on LSDA,23 PBE, and the HSE screened-

exchange hybrid functional, the band gap oscillations pre-

vail (see Figure 8); however, all AGNRs are predicted to be

semiconducting.24 This is in stark contrast to the case of

zigzag SWNTs where a third of the tubes are found to be

metallic.

As one may expect, the amplitude of the predicted band

gap oscillations depends on the functional approximation

used. Nevertheless, the general periodicity and the fact that

all AGNRs are semiconducting is consistent within all the

calculations, exemplifying the influence of the edges on the

electronic structure of the system. Thus far, the theoretically

predicted dependence of the band gap on the exact width of

the nanoribbon has not been observed experimentally.

Nonetheless, recent experimental band gap measure-

ments have reported good agreement with predictions

obtained via density functional theory calculations.25 Inter-

estingly, Avouris et al.26 have found good agreement with

results obtained using the HSE functional whereas Dai et

al.27 found better agreement with LSDA results. This discre-

pancy may be related to the uncertainty in the determina-

tion of the ribbons' width, especially for the narrower

ribbons measured.27 Advances in ultrathin nanoribbon fab-

rication and synthesis may shed light on this issue as well as

open the way to accurate control over their electronic

properties.28

When the length of an AGNR is taken to be finite, a

rectangular graphene nanodot is formed. If the width and

length of such dot are both in the nanoscale regime, the

resulting system will have a molecular character. Coming

from the two-dimensional (2D) crystal point of view, the

additional confinement of theπ electrons has a considerable

influence over the electronic properties of the nanodot.29 In

Figure 9, the molecular HOMO-LUMO gap is presented as a

function of the lateral and longitudinal dimensions for a

large set of rectangular graphene nanodots. Here, results

obtained by the LSDA (upper left panel), PBE (upper right

panel), and HSE (lower left panel) are given. The studied

nanodots are denoted by N�MwhereN (M) is the number of

FIGURE 7. A schematic representation of armchair and zigzag gra-
phene nanoribbons. FIGURE 8. Width-dependent band gap oscillations of AGNRs showing

3-fold periodicity as calculated using the PBE and HSE functional
approximations.24
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hydrogen atoms passivating each armchair (zigzag) edge. As

can be seen, oscillatory variations of the band gap as a

function of the dimensions of the nanodots are obtained,

though their amplitude is smaller compared with the case of

infinite AGNRs. Naturally, as N is increased, the armchair

edge is elongated and the oscillation amplitude increases

approaching the infinite AGNRs case. The 3-fold periodicity

is not apparent for the quasi-zero-dimensional system be-

cause the changes in width have to be done in larger quanta

in order to prevent the formationof dangling edgebonds. For

the systems studied, when the calculation is performed using

LSDA, the calculated band gap values are on the order of

0.3-0.4 eV. Slightly larger values (0.4-0.6 eV) are obtained

when the generalized gradient approximation is used within

the semilocal PBE functional. The screened-exchange HSE

functional predicts band gaps in the range of 1.0-1.6 eV.

Despite the differences between the functional approx-

imations, a general trend is identified, one where the

HOMO-LUMO gaps become smaller as the dimensions of

the nanodot are increased. This is consistent with the naive

“particle in a two dimensional box” picture and with the

semimetallic nature of the infinite graphene layer. There-

fore, the dimensions of the graphene nanodot may be used

as a control parameter to tune the electronic nature of the

system. Here, elongated armchair edges and nanoscale

zigzag edges are desirable, resulting in large band gap

variations and enhanced control capabilities.

As discussed above, the appearance of exposed edges in

graphene nanoribbons may have a crucial effect on their

electronic properties. One of the most interesting systems

exemplifying this characteristic are zigzag graphene nano-

ribbons (ZZGNRs) (see Figure 7). There, apart from the

quantum confinement effects discussed above, consider-

able edge states appear to be localized at the zigzag edges.

The existence of such states, which have been theoretically

related to the unique geometry of the hexagonal lattice

and its zigzag edges,30 has been recently verified experi-

mentally.31 While standard conjugated organic molecules

are considered to be nonmagnetic, theoretical treatments

predict that these edge states induce a spin-polarized ground

state for ZZGNRs.30,32

Similar to the case of AGNRs, one may view ZGNRs as

unrolled armchair SWNTs. Here, the difference in the elec-

tronic character between the two systems is pronounced.

Within closed shell DFT calculations, all ZZGNRs turn out to

be metallic.32 However, if the spin degree of freedom is

taken into account (via an unrestricted Kohn-Sham

scheme), the ground state of the system becomes spin-

polarized with one zigzag edge carrying one spin flavor

and the other edge carrying the opposite spin. This long-

range antiparallel spatial spin distribution may be rationa-

lized via Clar's sextet theory33 and is a result of antiferro-

magnetic spin ordering on adjacent carbon sites of the

graphene hexagonal lattice. The resulting ground state of

FIGURE 9. HOMO-LUMO gap variations as a function of graphene nanodot dimensions calculated by the local spin density approximation (upper
left panel), PBE functional (upper right panel), and the HSE functional (lower right panel).
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all ZZGNRs is found to be semiconducting in stark contrast to

themetallic nature of the corresponding armchair SWNTs.32

The unique spatial symmetry of themagnetic zigzag edge

states in graphene allows for interesting interplay between

the electronic and magnetic properties of the system. With

DFT calculations, it was recently shown that by applying an

in-plane electric field perpendicular to the ribbon's axis, one

may separately control the band gaps associated with the

two spin flavors up to a point where the system becomes

half-metallic.32 The mechanism responsible for this effect

relates to the accumulation of positive and negative charges

along the two opposing zigzag edges. This charge induces

local gating of opposite sign that shifts the spin polarized

local density of states of one edge with respect to the other.

As a result, the band gap associated with one spin polariza-

tion is increased, while the opposite spin band gap de-

creases. At a large enough electric field intensity, the

decreasing band gap vanishes thus achieving a half-metallic

state. At this point, an electron approaching the systemwith

one spin polarization will experience a metallic behavior,

whereas an electron with the opposite spin will see a

semiconductor behavior. Therefore, this state could be used

as a spin filter that is a crucial component of any future

nanoscale spintronic device.

From what we have seen thus far, it is clear that edge

states have an important role in dictating the electronic

properties of GNRs. Based on this observation, it was sug-

gested that edge chemistry may be used to control the

electronic character of ZZGNRs. Since most of graphene

device fabrication is performed in standard laboratory con-

ditions, one should expect that the reactive zigzag edge

dangling bonds will bond to oxygen-containing groups. An

interesting question arises in this respect regarding the

robustness of the half-metallic state of graphene toward

the chemical modification of the zigzag edges. In order to

address this question, a DFT study based on the screened-

exchange HSE4 functional approximation was conducted

with results showing enhanced stability toward most edge

oxidation schemes.34 Interestingly, the stable oxidized mo-

lecules have a spin-polarized electronic ground statewith an

antiparallel spin alignment on the two zigzag edges similar

to the hydrogenated ZZGNRs discussed above.

Once the stability of the oxidized systems has been

established, it is possible to check the influence of edge

chemistry on the existence of the half-metallic state.

Figure 10 presents the spin-resolved band gaps of the

oxidized systems as a function of the electric field intensity

compared with the behavior of the fully hydrogenated

FIGURE 10. Electric field effect on the spin-polarized band gap of oxidized GNRs as calculated using the HSE functional. Red and blue triangles stand
for the two different spin polarization band gaps.
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ZZGNR. All the systems considered present a similar beha-

vior where both spin-polarized band gaps are degenerate in

the unperturbed system. Once the electric field is turned on,

the band gaps split with one spin channel presenting an

increased gap and the opposite spin channel showing a

decreased gap. As discussed above, at a large enough

electric field, the band gap of one of the channels vanishes

thus achieving a half-metallic state. Upon further increase in

the external field's intensity, spin-polarized charge transfer

between the two edges induces spin compensation that

results in a reduction of the band gap splitting until they

become degenerate and a nonmagnetic state is obtained.

An important difference is identified between the re-

sponse of the hydrogenated (fully and partially) systems

and that of the fully oxidized systems to the application of

the external electric field. In the case of the hydrogenated

systems, the onset electric field intensity required to turn the

studied systems half-metallic is 0.4 V/Å with an operative

range (the range at which the half-metallic state is obtained)

of 0.3 V/Å. Upon full oxidation of the zigzag edges, the half-

metallic state is obtained already at a field of 0.2 V/Å and

sustains up to a field of 0.8 V/Å. This decrease in onset field

intensity and increase in operative rangemarks edge oxida-

tion as an important tool for achieving chemically stable and

robust spin filters based on ZZGNRs. Though more challen-

ging experimentally, selective edge chemistry with the at-

tachment of groups of different electronegativity to the two

edges has been predicted to induce a half-metallic ground

state with no external field.35

As stated above, it is commonly accepted that standard

conjugated organic molecules such as polyaromatic hydro-

carbons are nonmagnetic in their ground electronic state.

Nevertheless, in the limit of infinite zigzag edges, ZGNRs

have a spin-polarized ground state. It is therefore interesting

to study the minimal length at which finite rectangular

graphene quantum dots present a spin-polarized ground

state. Theoretical studies using Huckel theory have ad-

dressed this issue long before the first experimental realiza-

tion of graphene nanoribbons. These studies showed that

finite zigzag edges of graphene flakes exhibit a spin-polar-

ized ground state.36 Recently, several theoretical studies

have revisited this issue considering finite graphitic systems

such as rectangular29,37 and triangular38 graphene flakes, as

well as finite zigzag SWNT segments.39

For the case of rectangular graphene flakes, DFT calcula-

tions using a variety of functional approximations (including

HSE, B3LYP, and PBEh) predicted that even very small

molecular derivatives of graphene, such as C36H16

(tetrabenzo[bc,ef,kl,no]coronene) and the bisanthrene

(phenanthro[1,10,9,8-opqra]perylene) isomer of C28H14,

have a spin-polarized ground state.29,37 This has been

further validated via complete active space self-consistent

field wave function calculations.37 When an electric field

is applied perpendicular to the zigzag edge within the

molecular plane, the finite flakes reach a half-metallic

state where the HOMO-LUMO gap of one spin flavor

vanishes and the gap of the opposite spin flavor increases

with the field intensity.29 The same behavior was predicted

based on DFT calculations for finite segments of zigzag

SWNTs.39

When considering triangular graphene flakes with pure

zigzag edges, one finds that spin frustration leads to a ground

electronic state bearing a permanent magnetic moment.38

This is a result of the unique tailoring of the zigzag edges at

the triangle corners together with the antiferromagnetic spin

ordering within the hexagonal carbon lattice. These results,

whichwere obtained via the Hubbardmodel and GGAbased

DFT calculations, were shown to be consistent with Lieb's

theorm for the total spin of the ground state of bipartite

lattices.38 Therefore, triangular graphene flakes, inwhich the

zigzag edges bear a largemagneticmoment, may be viewed

as promising molecular magnets for future nanoelectronic,

nanospintronic, and memory devices.

FIGURE 11. Lower panel, a schematic representation of a finite elon-
gated graphene nanoribbon. Upper panels, DOS of finite GNRs as a
function of their length. The dashed red curve in the lowermost DOS
panel is the DOS of the infinite system.41
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An interesting question that may arise regards the influ-

ence of the localized edge states on the electronic properties

of the full system as a function of its dimensions. Figure 11

presents the DOS of a set of graphene nanoribbons of

constant width and increasing length (see lower panel of

the figure) calculated using a recently developed divide-and-

conquer (D&C) approach40 within the HSE exchange-
correlation functional approximation. For short ribbons

(see upper panels), the DOS resembles that of a molecular

system consisting of discrete energy levels. As the length of

the ribbon is increased to 38 nm, typical features of the DOS

of infinite systems, such as the van Hove singularities and

the finite density of states in the vicinity of the Fermi energy,

start to develop. TheDOSof a72nm lengthGNR is already in

excellent agreement with that of the infinite system where

most of the features related to edge states almost comple-

tely vanish. Results obtained for other GNRs of different

widths41 show that the scaling of the effects of edge states

with the length depends on the electronic character of the

underlying system. As exemplified here, the D&C approach

is a powerfulmethod for performing electronic structure and

transport calculations of extremely large molecular systems

using advanced DFT functional approximations.

Final Remarks
As shown in this Account, two-dimensional graphene and its

lower dimensional derivatives span a diverse collection of

electronic properties. These range from semimetallic gra-

phene, through semiconducting SWNTs and GNRs, metallic

SWNTs, and half-metallic zigzag GNRs and finite zigzag

nanotube segments. Simplified approaches based onmodel

Hamiltonians may yield important insights on their general

physical trends. Nevertheless, DFT, in general, and the HSE

screened hybrid approximation, in particular, provide excel-

lent tools for quantitatively studying structure-function

relations and the effects of external perturbations such as

chemical substitutions,42,43 electric and magnetic fields,

and mechanical deformations.44 Moreover, to study the

properties of novel carbon materials such as the biphenyl

sheet and its one-dimensional derivatives,45 the utilization

of HSE is critical in order to obtain not only the correct

electronic behavior but also quantitatively accurate band

gaps.
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